To investigate genetic etiologies of preterm birth (PTB) in Argentina through evaluation of single-nucleotide polymorphisms (SNPs) in candidate genes and population genetic admixture. STUDY DESIGN: Genotyping was performed in 389 families. Maternal, paternal and fetal effects were studied separately. Mitochondrial DNA (mtDNA) was sequenced in 50 males and 50 females. Y-chromosome anthropological markers were evaluated in 50 males. RESULT: Fetal association with PTB was found in the progesterone receptor (PGR, rs1942836; P ¼ 0.004). Maternal association with PTB was found in small conductance calcium activated potassium channel isoform 3 (KCNN3, rs883319; P ¼ 0.01). Gestational age associated with PTB in PGR rs1942836 at 32-36 weeks (P ¼ 0.0004). MtDNA sequencing determined 88 individuals had Amerindian consistent haplogroups. Two individuals had Amerindian Y-chromosome consistent haplotypes. CONCLUSION: This study replicates single locus fetal associations with PTB in PGR, maternal association in KCNN3, and demonstrates possible effects for divergent racial admixture on PTB.
INTRODUCTION
Preterm birth (PTB) complicates nearly 13 million pregnancies worldwide each year. 1 The rate of PTB in Argentina is estimated to be roughly 8% with 2600 deaths yearly attributable to PTB. 2 Health-care costs for preterm neonates are substantial 3 and the risk of lifelong disabilities for survivors, including chronic lung disease, cognitive impairment and cerebral palsy, is considerable. 4 While most PTB occurs spontaneously, 5 the greatest single risk factor for delivering a preterm neonate is a history of a prior PTB. 6 A genetic contribution to PTB is widely accepted. 7 Twin studies and familial recurrences provide evidence that up to 40% of PTB risk is heritable. 8, 9 Racial differences in PTB rates are significant 10 and may indicate unique genetic susceptibilities in certain populations. 11 Both maternal and paternal race have been shown independently to influence PTB. [12] [13] [14] Admixture studies in Latin America have shown tremendous geographic variability in Amerindian and European contributions to ancestry 15 and in Argentina have shown extensive paternal directional mating between historic populations of European fathers and Amerindian mothers. 16, 17 The complex interplay between genetics, population admixture and the environment makes PTB a challenging condition to study. Candidate gene studies associating single-nucleotide polymorphisms (SNPs) with PTB have been difficult to replicate. 18 We created a biorepository of preterm neonates in Argentina, including samples from their parents and extended families. We hypothesized that gene studies of our population with its unique admixture would complement previous studies of PTB and allow the discovery of distinct novel gene variation.
METHODS
Collection of samples began in November 2005 and continued through 2008. Two public maternity centers in Argentina, the Instituto de Maternidad y Ginecología Nuestra Señ ora de las Mercedes in Tucumán and Hospital Provincial de Rosario in Rosario participated in sample collection. Written informed consent was obtained from all participants and approved by both a local institutional review board and the University of Iowa (IRB200411759). Cases were identified when a singleton was delivered before 37 weeks of completed gestation. Gestational age (GA) was estimated by last menstrual period, ultrasound or physical examination at the time of birth. Cases with congenital anomalies were excluded but indicated reasons for PTB were not exclusions.
Sample collection was attempted from three generations including the preterm neonate, the neonate's parents and maternal grandparents. This study design allowed separate investigation of transmission of genetic risk to a mother (maternal contribution to PTB) and the affected infant (fetal contribution to PTB). Maternal sisters with a history of PTB and premature siblings were included for study if available. Samples consisting of cord blood, whole blood or saliva were obtained during hospitalization. Extraction of DNA from biosamples was completed at either the Centro de Educació n Mé dica e Inverstigaciones Clínicas in Buenos Aires or the University of Iowa.
Sample genotyping
SNP genotyping was performed with TaqMan assays (Applied Biosystems, Foster City, CA, USA) as previously described. 19 Sequence Detection Systems 2.2 software (Applied Biosystems) was utilized for allele determination. Genotypes were entered into a Progeny database (Progeny Software, LLC, South Bend, IN, USA). The overall approach mirrored previously reported studies. 19, 20 Candidate genes were selected through the literature review of biological pathways implicated in PTB. Attempts were made to replicate significant results from genetic studies of preterm neonates at the University of Iowa. The genes/SNPs studied are shown in Table 1 .
Admixture analysis
To estimate genetic admixture in our study population, we evaluated anthropologically variable regions of mtDNA and the Y-chromosome. Hundred individuals from the Tucumán study site (50 males and 50 females) were selected for mtDNA sequencing and Y-chromosome sequencing. Sequencing of purified DNA was performed by Functional Biosciences (Madison, WI, USA). Chromatograms were loaded to a UNIX workstation and displayed with the CONSED program (v. 4.0), as previously described. 19 mtDNA was sequenced in hypervariable region 1 (HVR1) and hypervariable region 2 (HVR2). HVR1 was analyzed from 16 049 to 16 503 bp; HVR2 from 066 to 420 bp. Polymorphisms in mtDNA sequence were compared with the revised Cambridge Reference Sequence, 21 publicly available mtDNA sequence, http://www.ncbi.nlm.nih.gov/genbank/ and with previously published works 16, 22 to assign haplogroups. Y-chromosome sequencing was performed for DYS19 and DYS199. DYS19 is a Y-chromosome short tandem repeat that owes it diversity to a variable number of GATA repeats. 23 Sequencing of DYS19 was preformed utilizing primers as described by Hammer and Horai.
24 DYS199 is a Y-chromosome polymorphism with 490% prevalence of the 'T' allele in Amerindian populations. 25 Sequencing of DYS199 was performed utilizing primers as described by Underhill et al. 25 Statistical analysis SNP genotype data were analyzed for non-Mendelian inheritance utilizing PedCheck. 26 Fetal and maternal associations with PTB were determined using the Family Based Association Test 27, 28 and PLINK software (version 1.07). 29 When multiple SNPs were tested in a gene, haplotype analysis was performed using Family Based Association Test. Maternal and paternal allelic transmissions were separately analyzed using PLINK to investigate parental differences in transmission. GA and birth weight (BW) were evaluated as continuous variables for SNP associations. GA was also evaluated in 4-week windows to determine allelic frequency at specific intervals of gestation. Given that analysis was completed for four independent tests (fetal affected status, maternal affected status, GA and BW), formal Bonferroni correction for multiple testing in this study at an a level of 0.05 was Po0.0002.
RESULTS
A total of 387 families were studied. In all, 294 preterm probands were available for genotyping. Sampling of three generations, including the proband neonate, parents and maternal grandparents, was complete for 96 families. An additional 103 infants had both parents available for study. Mean GA of case infants was 33.2 ± 2.6 weeks. GA distribution of study infants is shown in Figure 1 . Mean BW was 1886 ± 542 g.
Additional clinical detail was available on 279 of the genotyped probands. Pregnancy dating was by last menstrual period in 89% of those neonates. Maternal indications for PTB were documented in 43% of cases. Pre-eclampsia complicated 12% of those births. The study population included three twin gestation pregnancies.
Population admixture Analysis of mtDNA sequence HVR1 and HVR2 classified 88 individuals into Amerindian haplogroups A2 (n ¼ 13), B1 (n ¼ 9), Y-chromosome sequencing of DYS19 was successful in 44 individuals. Six individuals genotyped with the most common Amerindian GATA repeat number, thirteen GATA repeats. Twentyfive individuals had the most common European variant of fourteen repeats. Seven individuals had fifteen repeats, three had sixteen repeats and three had seventeen repeats. DYS19 sequence data can be viewed at GenBank (http://www.ncbi.nlm.nih.gov/ genbank) with accession numbers HM592488 through HM592531. Of the six individuals with thirteen DYS19 GATA repeats, only two had the T allele of the Amerindian marker DYS199. No other individuals in our study cohort had the T allele.
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Fetal effects
Genetic predisposition for PTB in the fetus was associated (Po0.05) with multiple genes in our study as shown in Table 2 . The T allele of rs1942836 in progesterone receptor (PGR) showed the strongest fetal association with PTB (P ¼ 0.004).
In haplotype analysis, TRAF2 showed multiple positive fetal associations with PTB as shown in Figure 2 . Notably, the combination of a T allele at rs3750512 and a G allele at rs4880166 in TRAF2 was observed in 55% of our population (P ¼ 0.004).
Maternal effects
Maternal associations (Po0.05) with PTB are shown in Table 3 . The T allele of rs883319 in KCNN3 showed the strongest maternal association with PTB (P ¼ 0.01).
Parental-specific transmission and PTB Parental-specific allele transmission effects on PTB are shown in Table 4 . Although, none of the SNP transmissions achieved statistical significance, a trend toward significance was shown in DEFA6, PGR and PTGIS.
BW/GA effects The T allele of PGR rs1942836 was associated with higher BW in preterm neonates when studied as a continuous variable (P ¼ 0.007). The T allele of PGR rs1942836 remained significant when evaluating the association of higher GA (studied as continuous outcome) and genotype (P ¼ 0.03). The A allele of HPGD rs8752 was also associated with higher GA as a continuous outcome (P ¼ 0.03).
In evaluation of GA effects on PTB utilizing 4 week windows, the PGR rs1942836 T allele had association with PTB at GA 33-36 weeks (P ¼ 0.0004). In addition, the T allele was associated with longer gestation and higher BW when the effects of GA and BW on PTB were evaluated as continuous variables. Both TRAF2 rs4880166 and rs2811761 had associations with PTB at GA 29-32 weeks (P ¼ 0.002 for both SNPs). A 4-week window haplotype analysis of APOE showed association between the rs405509 A allele, rs429358 T allele and PTB at 32-35 weeks (P ¼ 0.003). Additionally, a 4-week window haplotype analysis of PTGIS showed association between the rs6095545 G allele, rs493694 G allele and PTB at 33-36 weeks (P ¼ 0.001).
DISCUSSION
Global reduction in PTB rates could have a substantial impact on worldwide infant morbidity and mortality. Discovering genetic susceptibilities to PTB could allow for novel treatments and interventions that might lessen the impact PTB has on families and society. In this study, we attempted to replicate previous candidate gene investigations that found associations with PTB and to uncover associations unique to our Argentine cohort.
When evaluating fetal associations with PTB, we were able to replicate significance in an SNP previously studied in the PGR gene. This SNP, rs1942836, is located in a possible regulatory region of PGR. Fetal association with PTB in rs1942836 was first reported by Ehn et al. 19 with P ¼ 0.002. SNP rs1942836 had a similar association in our population with P ¼ 0.004. We speculate that this region of PGR may have a role in altering expression of PGR isoforms.
Progesterone has important roles in pregnancy maintenance particularly in later gestation. 30, 31 PGRs are found in many pregnancy-associated tissues including fetal amniotic and chorionic membranes. 32, 33 Vaginal supplementation of progesterone during pregnancy has reduced PTB in women with cervical shortening. [34] [35] [36] 
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Progesterone also suppresses uterine myometrial contractility in vitro 37, 38 and has been shown to protect fetal membranes from tumor necrosis factor (TNF)-induced apoptosis. 39 Additionally, supplementation of a synthetic progesterone metabolite, 17-ahydroxyprogesterone caproate, which interacts with the PGR, has been effective in reducing the incidence of repeat PTB in high-risk pregnancies. 40 Our finding that polymorphisms in PGR rs1942836 are associated with PTB in the latter GA window of 32-36 weeks (P ¼ 0.0004) highlights a potential therapeutic role for progesterone and its metabolites in prevention of late PTB.
Fetal association with PTB was also found in haplotype analysis of TRAF2. The haplotype block containing rs3750512 (T allele) and rs4880166 (G allele) in TRAF2 had association with PTB at P ¼ 0.004. Evaluating polymorphisms in TRAF2 for GA effects revealed that rs4880166 was most strongly associated with PTB at GA 29-32 weeks (P ¼ 0.002). TRAF2, which encodes TNF receptorassociated factor 2, is involved in signal transduction in the TNF cascade and is an activator of the transcription factor NF-kappa B.
41,42 NF-kappa B works in conjunction with TRAF1 and TRAF2, to suppress caspase-8 induced apoptosis of cell membranes. 43 Elevations in amniotic fluid levels of TNF have been demonstrated in both preterm labor and premature rupture of membrane. 44, 45 Fetal genetic polymorphisms in TNF a have been associated with premature membrane rupture in multifetal pregnancies. 46 Our findings suggest that fetal alterations of TNF pathway proteins may lead to PTB.
The strongest maternal association with PTB was seen in KCNN3 rs883319 with P ¼ 0.01. KCNN3 (also known as SK3) channels are expressed in tissues responsible for maintaining gestation and inducing parturition including the uterine myometrium 47 and are subject to regulation by estrogen. 48 Overexpression of KCNN3 has been linked to compromised parturition through reduced uterine contractility in mouse models, 49 and overexpression of this channel precludes the ability of mice to give birth prematurely. 50 We recently reported both association and sequence data suggesting a role for both rare and common variants in KCNN3 in European populations further supporting the observations made in this South American population.
51 KCNN3 rs883319 was specifically associated with early PTB in that study.
Prior investigations of genetic admixture in Argentina have revealed evidence of selective mating between European males and Amerindian females. 16, 17 As a result, Amerindian mtDNA haplogroups are found throughout Argentina in sizeable proportions but Amerindian Y-chromosome inheritance is more limited. 17 The sequencing of males and females in our study population for mtDNA haplogroup and Y-chromosome haplotype markers estimates that our population has similar historical divergent admixture with evidence of Amerindian ancestry in mtDNA but lacking in the Y-chromosome.
The contribution of genetic admixture to PTB is not known but significant racial differences exist in PTB. The risk ratio of PTB for an Amerindian in the United States is 1.32 compared with the Caucasians. 52 Studies of PTB in populations relatively lacking in admixture have shown that maternal genetics may play a more substantial role in PTB than fetal (and thereby paternal) contributions. 53, 54 The high prevalence of Amerindian mtDNA haplogroups in our study cohort may therefore place this population at increased risk for PTB.
Hypothesis generating candidate gene studies of association for complex diseases such as PTB have intrinsic limitations and are often difficult to replicate. A potential confounder of this study is the underlying heterogeneity of causes of PTB. Attempts were not made to stratify this population by indication for PTB. Uniformity in GA estimation was also limited in this study because of greatly variable levels of prenatal care in this population. Lack of significant findings, for example in the parent of origin studies, may also be true negatives or due to diminished power with the smaller sample size available when only one parent is studied.
Findings in this study did not reach formal statistical significance when correcting for multiple comparisons. However, Bonferroni correction may be overly conservative when applied to studies such as PTB where intricate interactions between multiple genetic and environmental risk factors are likely contributory to disease burden. 55 In summary, this study has replicated a polymorphism in PGR with a fetal association and in KCNN3 with a maternal association with PTB in a novel population. PGR and TRAF2 have shown association with PTB during specific time periods in gestation in this population. Asymmetric racial ancestry exists in mtDNA and Y-chromosome markers in our cohort, highlighting potential consequences for divergent admixture and role for further investigation of parental-specific effects on PTB. Null hypothesis: paternal odds ratio ¼ maternal odds ratio.
Genetics of preterms in Argentina PC Mann et al
